Mitochondrial damage was evident in the earliest lesions in cardiac muscle of rabbits poisoned by coffee senna (Cassia occidentalis), suggesting that mitochondria might be the target for the toxic action of coffee senna. Oxidative phosphorylation by mitochondria isolated from poisoned rabbits was uncoupled, and in more severely affected rabbits mitochondrial respiration was depressed. The activities of myocardial malic dehydrogenase, isocitric dehydrogenase and lactic dehydrogenase were increased, glycogen was depleted, and lactate accumulated in poisoned rabbits. The toxin(s) of coffee senna induced uncoupling of oxidative phosphorylation in myocardial mitochondria. Thus, the mitochondria, deprived of their ability to convert the energy derived from respiration into adenosine triphosphate, were unable to maintain ionic gradients and became swollen. This caused progressive failure of respiration with subsequent disruption of myocardial mitochondrial structure and myocardial degeneration.
The morphologic characteristics of the cardiomyopathy of rabbits poisoned by coffee senna (Cassia occidentalis) have been described [27] . This and other studies [29] indicated that mitochondrial degeneration was an early lesion of coffee senna poisoning of rabbits and cattle that preceded myofibriIIar degeneration and also that mitochondria might be the target of the toxin(s) of coffee senna.
Biochemical studies of animals poisoned by coffee senna have been limited to demonstration of increased activities of glutamic-oxalacetic transaminase (GOT), creatine phosphokinase (CPK) and isocitric dehydrogenase (I CD) in serum, hyperkalemia and myoglobinuria [23, 27] . These changes are consistent with acute myodegenerative disease but do not reveal the pathogenesis of the muscle degeneration. In view of the morphological evidence of mitochondrial damage, the function of mitochondria isolated from the hearts of rabbits poisoned by coffee senna was studied using polarographic techniques to evaluate the status of mitochondrial respiration [5, 20] . These techniques have been used by others in the study of various cardio-myopathies [2, [15] [16] [17] 28, 33, 39] . The studies were combined with examination of several enzymes of the glycolytic and citric acid cycles, and with assays of glycogen and lactate.
Materials and Methods
The procurement and management of the experimental rabbits was as described previously [27] . Fifteen rabbits were divided among three groups of five. The rabbits in group I were maintained as untreated controls. Rabbits in the experimental groups were dosed with ground endosperm of coffee senna seeds at the rate of 0.5% (group 11) or 1.0% (group 111) of their body weight for 2, 4, 6, 7, or 8 consecutive days. The dosage rates and the schedule for collection of hearts from poisoned rabbits were arbitrarily selected in an effort to obtain cardiac muscle showing various degrees and stages of toxic injury. The doses of ground endosperm were quite filling to the rabbits, and all became anorectic and acoprophagic after dosing was begun. The rabbits in group III also developed slight diarrhea.
Each rabbit was killed at about the same time of the day after the final dose by the intraperitoneal administration of an overdose of sodium pentobarbital. The heart was rapidly excised, and a I-gram piece was frozen in liquid nitrogen. The rest was placed in cold isotonic medium (4°C) consisting of 0.21 Mmannitol, 0.07 Msucrose, 0.1 mMdisodium ethylenediamine tetraacetate (EDTA) and 0.01 M tris-(hydroxymethyl)-aminomethane (Tris), pH 7.4 [38] . The subsequent procedures are summarized in table 1. The sample of frozen heart was thawed and divided into two parts. One part was homogenized in 6°!c, perchloric acid, diluted to I: 100 with 6% perchloric acid and centrifuged at 3000 g for 10 min. The supernatant liquid was assayed for glycogen by ethanolic precipitation and colorimetric determination using the anthrone reagent [3] and for lactate by enzymatic determination with lactate dehydrogenase (LDH) [31] . The other part was weighed, homogenized in deionized water, and diluted I: 20. Protein concentration was measured in an aliquot of this homogenate [37] .
The sample of heart chilled in cold isotonic medium was divided into two parts. One was blotted dry, weighed, and homogenized in cold (4°C) 0.1 MTris buffer, pH 7.5, and the homogenate was assayed for the activities of malate dehydrogenase (MDH) [4, 10, II], ICD [9] , LDH [I] and LDH isoenzymes [25] . Techniques for MDH and ICD assay were selected to distinguish between the nicotinamide adenine dinucleotide (NAD)-dependent mitochondrial isoenzyme and nicotinamide adenine dinucleotide phosphate (NADP)-dependent hyaloplasmic isoenzyme of each enzyme.
The second part of chilled heart was used as a source of mitochondria. Isolation of mitochondria was performed at 0-5 DC, based on the method of VON KORFF [34] modified as follows. The cardiac muscle was minced and suspended in 2-3 vol of the cold isotonic medium. A bacterial proteinase (proteinase type VII from Bacillus subtifis, Sigma Chemical Co., St. Louis, Mo.) was added at the rate of 0.5 gig of tissue, and the mixture was stirred for 15 min. This proteinase was comparable to the enzyme used by other investigators [12, 14, 15] in removing myofibrillar debris from homogenates. An equal volume of isotonic medium was added, and the muscle was homogenized using a teflon pestle in a glass Respiration studies tube. The homogenates were centrifuged at J 000 g for 5 min to sediment the cellular debris, and the supernatant liquid was centrifuged at 12 000 g for 10 min to sediment the mitochondria. The mitochondria were washed twice by alternate resuspension in fresh isotonic medium and centrifugation. After the final wash, the mitochondria were suspended in the reaction mixture, which consisted of 62.5 mM sucrose, 30 mM glucose, 50 mM KCI, 25 mM Tris, 25 mM KH,PO" 5 mM MgCI, and I mM EDTA [28] . Mitochondrial protein concentration was determined [37] , and the concentration was adjusted to the range of 5-25 mg/rnl. Mitochondrial respiration was monitored by a polarographic oxygen (Clark) electrode (Yellow Springs Instrument Co., Yellow Springs, Ohio) at 25°C. Respiration was studied in the absence of added substrate and after the addition of 50 mM pyruvate, which is readily used by isolated rabbit mitochondria [34] , or of 50 mM L-malate. Phosphorylation accompanied by state III respiration (metabolic steady state of mitochondria and characterized by rapid respiratory rate with high levels of substrate and adenosine diphosphate (ADP)) was initiated by the addition of 0.6 umol ADP to mitochondria in state IV (metabolic steady state of mitochondria, characterized by slow respiratory rate with high substrate and low ADP levels). Calibration of the Clark electrode was based on empirical values of oxygen in an air-saturated solution similar to the reaction mixture used [7] . Phosphorylation ratio and respiratory control ratio were calculated from electrode data by the method of CHANCE and WILLIAMS [5, 6] . 5 Based on analysis of variance.
As a check on the quality of the mitochondrial preparations, samples of mitochondrial suspensions prepared from a control and a poisoned rabbit were fixed in I % isotonic osmic acid solution [24] , centrifuged at 10000 g for 10 min, and the resultant pellet was embedded in araldite [22] , sectioned and examined by electron microscopy.
Results

Clinical Signs and Gross Lesions
Two of the five rabbits in group III showed signs of intoxication when killed and had characteristic gross lesions. The remaining three rabbits in this group were clinically normal when killed, and only one had a pale myocardium at autopsy. One rabbit in group II showed clinical signs of intoxication, and the other four were clinically normal when killed. Three of the rabbits in this group had a pale myocardium at autopsy.
Control Mitochondrial Preparations
A control mitochondrial preparation contained some micro somes but no myofibrillar material when examined by electron microscopy. Most mitochondria were intact and exhibited both energized and nonenergized configurations of the cristae. The addition of 0.6 umoles ADP initiated a single cycle of oxidative phosphorylation that used endogenous substrate. Further cycles after addition of ADP did not occur until a substrate (50 mM pyruvate) was added. Respiratory control ratio (RCR) is the ratio of initial state IV respiration to the respiratory rate immediately after the addition of ADP (state III respiration). These rates were calculated from the slopes of the tracing indicated by broken lines. Phosphorylation (P/O) ratio is the ratio between moles of ADP added and atoms of oxygen used during a state III respiratory cycle.
Control preparations exhibited good respiratory control, and phosphorylation ratios approached the theoretical value of 3.0 (table II) . The respiratory control ratio approached 10.0 when endogenous substrates were being utilized but usually was much lower when exogenous substrates (pyruvate or L-malate) were being used. After addition of L-malate, state III respiration was only increased onefold over the state IV rate in mitochondria from controls, and in poisoned rabbits the difference in state III and state IV rates was negligible. A typical Clark electrode tracing is shown in figure 1. Some preparations of mitochondria had very low endogenous adenosine triphosphate phosphohydrolase (ATPase) activity and required the addition of AT-Pase (Apyrase Type II, Sigma Chemical Co., St. Louis, Mo.) to restore their responsiveness to added ADP after an initial cycle of state III respiration. 6 Control (five rabbits). 7 Poisoned, no clinical signs or gross lesions (two rabbits, one high-dose and one low-dose). e Poisoned, no clinical signs, ventricular dilatation (three rabbits, one high-dose, two low-dose). a Poisoned, no clinical signs, myocardium pale to yellow (two rabbits, one high-dose and one low-dose). 10 Poisoned, clinical and gross pathological signs of congestive heart failure (three rabbits, two high-dose and one low-dose).
Mitochondria from Poisoned Rabbits
Poisoning by coffee senna resulted in a substantial degradation of the respiratory and phosphorylative activity of isolated mitochondria (table Il) . Respiration rate in the presence of ADP (state III respiration) and respiratory control and phosphorylation ratios were depressed in poisoned mitochondria. In mitochondria from the high-dose group and also in mitochondria from the low-dose group to which malate had been added, the phosphorylation ratios were not measurable because the endpoint of state III respiration could not be determined from the electrode tracings. The degree of functional disturbance was dose related, being more severe in mitochondria from the high-dose group (group III) than from the low-dose group (group II). The decrease in mitochondrial respiration and phosphorylation had an inverse relationship with the severity of clinical signs or gross myocardial changes in the rabbits (table III) . Clark-electrode tracing of respiration of mitochondria from a poisoned rabbit. The rabbit was clinically normal when killed. Initial state IV respiration was more rapid than in the controls. Addition of ADP initiated state III respiration, which was followed by respiration designated as state IV but having an almost identical rate. The respiratory control ratio (RCR) and phosphorylation (P/O) ratio were lower than in controls. RCR was calculated using the respiration rate before addition of ADP as the state IV rate. The addition of ATPase made little difference in the respiration rate, indicating high intrinsic ATPase activity. chondrial respiration from a clinically normal rabbit in group ]I which had been given six doses of coffee senna. The basal respiratory rate (0.04 uatorns 02/mg protein/min) was faster than in the control preparations (mean, 0.02 uatoms 02/mg protein/min). The addition of ADP initiated state 1[[ respiration followed by a period of respiration with an almost identical rate but designated as state IV for phosphorylation ratio calculation, although the difference in slope of the two parts of the curve was barely perceptible. The addition of ATPase had little effect, indicating a high intrinsic ATPase activity and loss of respiratory control.
Mitochondria isolated from the heart of a rabbit in group III killed after Fig. 3 . Clark-electrode tracing of respiration of mitochondria from a poisoned rabbit. Initial state IV respiratory rate was comparable with controls. The addition of ADP initiated state II I respiration, but the rate was less than in the controls. The respiratory control ratio (RCR) was low, and the phosphorylation (P/O) ratio could not be measured because the end of state III respiration could not be identified. The initial respiration rate was the state IV rate used in calculating RCR. The addition of ATPase made no difference in the rate of respiration, indicating high intrinsic ATPase activity. The loss of respiratory control is characteristic of uncoupled mitochondria. Since the rate of hydrolysis of ATP is similar to the rate of synthesis after the addition of ADP, no cycle of state III and state IV respiration was observed.
four doses of coffee senna exhibited similar characteristics ( fig. 3 ). The rate of initial state IV respiration resembled that of controls but was less altered by the addition of ADP. As in the previous example, intrinsic ATPase activity resulted in maintenance of the state III respiration rate until the system became anoxic. Figure 4 shows reduced respiratory activity and lack of respiratory control of mitochondria in the presence of both endogenous and exogenous substrates. This was the most severely affected mitochondrial isolate in the study and was prepared from the heart of a group II I rabbit that was in clinical heart failure after four doses of coffee senna.
Enzyme Activities in Cardiac Muscle Homogenates
The activities of both the mitochondrial and hyaloplasmic forms of ICf) and MDH were increased in the hearts of poisoned rabbits; however, only the increase in hyaloplasmic lCD, which was greater in the rabbits in group II, was significant (table IV) . The level of MOB activity was greater in the group III than in the group II or control rabbits, but the differences between means were not significant. Increased LDB activity occurred only in rabbits from group II. The highest levels of each of the three enzymes occurred in cardiac muscle from rabbits with moderately severe disease (table III) .
Only two poisoned rabbits, both from group III, had altered LDH isoenzyme patterns. In these two rabbits, 18 and 75 % of total LDH activity in myocardial homogenates were associated with the electrophoretically slower moving isoenzymes (LDH 3 , LDH 4 , LDH s). In all other rabbits, only the fastmoving isoenzyme (LDH 1 ) , characteristic of heart muscle, was demonstrated.
Metabolite Concentrations in Cardiac Muscle Homogenates
Glycogen concentrations were reduced approximately to 50% of the control levels in group III, and to 25 % of the control levels in the group II rabbits (table V) . Between-group differences were not significant, however. Lactate concentrations of myocardial homogenates were significantly increased in both groups of poisoned rabbits and were slightly higher in the group II than in the group III rabbits. Plasma and cardiac muscle lactate concentrations were highest and glycogen concentrations were lowest in the most severely affected rabbits (table Ill) . The concentrations of both metabolites in cardiac muscle varied in proportion to the severity of clinical signs and gross lesions.
Discussion
Disturbed mitochondrial function in rabbits poisoned by coffee senna was indicated by morphological studies [27] and was confirmed by studies of oxidative phosphorylation in isolated mitochondria. In contrast to preparations of mitochondria from controls, which exhibited good respiratory control and phosphorylation ratios approaching the theoretical value of 3.0, mitochondria isolated from the hearts of poisoned rabbits showed a variety of functional perturbations indicative of loss of respiratory control and phosphorylative capacity. The respiratory control ratio is a more sensitive index of coupled phosphorylation than the phosphorylation ratios in systems measuring the rate of oxygen consumption [6] . The respiratory control ratio in polarographic electrode studies represents the measurement of oxygen consumption during an initial steady state and during a following period of rapid respiration. The respiration of tightly coupled mitochondria in the absence of a receptor of high energy pyrophosphate ester bonds (state IV respiration) proceeds relatively slowly. The addition to the medium of an acceptor for the pyrophosphate bonds stimulates an almost immediate increase in the rate of respiration (state III respiration), which continues until only a small amount of ADP remains [7] and a new steady state (also refer- red to as state IV) is established [14] . The new rate of state IV respiration may differ from the old rate because of the activity of intrinsic mitochondrial ATPase, which catalyzes the hydrolysis of ATP and generates ADP for further phosphorylation [14] . Mitochondria isolated from the hearts of control rabbits by the methods described above contained relatively large amounts of endogenous substrates, and good respiratoy and phosphorylation rates were obtained without the addition of substrate to the reaction medium. The addition of a substrate such as pyruvate or malate resulted in lower state III respiration rates and respiratory control ratios. Other investigators have demonstrated the significant contribution of endogenous substrates to respiration in isolated rabbit heart mitochondria [34] but did not report lower respiratory activity after substrate addition. This difference is probably because of the manner of preparation, and, in particular, the use of bacterial proteinase to rid the preparations of myofibrillar remnants. Significant differences in the activities of mitochondria isolated from control and dystrophic hamsters have been demonstrated by the proteinase method and by glass-on-glass homogenization [16, 39] . Hamster mitochondria isolated by the proteinase method were considered to have greater overall metabolic integrity and contained significant amounts of endogenous substrate but did have altered ability to utilize particular substrates, such as long-chain fatty acids [16] .
The mitochondria isolated from the hearts of poisoned rabbits exhibited depressed respiratory control and phosphorylation ratios, and in the preparations of the more severely affected mitochondria there was a depressed oxygen consumption rate. The least severe alterations were sustained state II I respiration and lack of respiratory control. In the presence of substrate for the phosphorylation reaction (ADP), state III respiration proceeded at rates comparable to those of control preparations; but, unlike the control preparations, state III respiration had no finite limits and continued until the in vitro system became anoxic. These observations indicated that the rate of hydrolysis of ATP by intrinsic ATPase equaled the rate of synthesis. Similar polarographic tracings could be obtained by adding ATPase to control mitochondrial suspensions.
Loss of respiratory control is a feature of the action of uncoupling agents such as dinitrophenol, thyroid hormone, and Carr on mitochondrial suspensions [8, 18] . Uncoupling involves the abolition of respiratory chainlinked phosphorylation so that respiration proceeds independent of the control exerted by ADP or ATP concentrations and is accompanied by an increased intrinsic ATPase activity. The similarity between the behavior of mitochondria of poisoned rabbits and mitochondria treated with uncoupling agents suggests that the toxin(s) of coffee senna has an uncoupling affect on oxidative phosphorylation and may function as an uncoupling agent. The in vitro effect of coffee senna toxin on normal mitochondria has not been evaluated because the toxin has not been extracted and purified, and crude extracts of the bean produced total loss of function when added to mitochondrial suspensions.
The most severely affected mitochondria not only had similar uncoupled behavior but also a depressed respiratory rate. There was no respiratory response to the addition of substrate or ADP. These preparations were obtained from two rabbits in heart failure when they were killed. Respiratory failure was probably a consequence of uncoupling, since uncoupling agents discharge the 'energized' state in which mitochondria can phosphorylate or regulate their internal ionic milieu [13] . Mitochondria deprived of a source of ATP or the capacity to synthesize ATP swell, and the inner membrane ultimately becomes disrupted. Although simple swelling is a reversible change, disruption of the inner membrane is irreversible [17] . This mitochondrial lesion is characteristic of coffee senna poisoning [29] and occurs also in myocardial autolysis [15] , myocardial ischemia [17, 35] , isoprotorenol intoxication [30] , beer drinkers' myocardiosis [36] , cobalt intoxication [21] , and perfusion of the canine myocardium with Ca tr [19] . The common feature of these diseases is deprivation of the mitochondria of a source of high-energy phosphate bonds.
The increased activities of lCD, MDH and LDH in cardiac muscle homogenates of poisoned rabbits are thought to be a reflection of the increased rate of oxidative metabolism in uncoupled mitochondria that lack the usual restraint on respiration rate. The increase in ICD and LDH activities was greatest in less severely affected rabbits in which uncoupling without serious depression of mitochondrial respiratory rates was indicated by polarographic findings. The increase in the electrophoretically slower moving LDH isoenzymes in the two poisoned rabbits may have been the result of compensation after substrate inhibition, since LDH 1 is inhibited by high lactate con-centrations, especially at low pH [12, 32] , and LDH 5 is not subject to substrate inhibition and is activated by citric-acid-cycle intermediates [12] .
There was a significant accumulation of lactate in the heart muscle of poisoned rabbits, probably because of the utilization of anaerobic glycolysis as an alternative pathway for production of ATP and to diminished utilization of pyruvate by mitochondria. Lactate accumulation would favor an increase in LDH activity and a preferential activation of LDH 5 . Glycogen in the myocardium of poisoned rabbits was diminished, as expected from increased glycolytic activity, but the differences among group means were not significant. Anorexia in poisoned rabbits also may have contributed to the decreased myocardial glycogen levels; however, anorexia occurred in all poisoned rabbits and did not vary with the severity of cardiac injury, as did the concentrations of lactate and glycogen.
The greater changes in levels of enzyme activity and in metabolite concentrations found in homogenates of cardiac muscle from low-dose as compared to high-dose rabbits may reflect differences in the balance between compensatory and degenerative changes in the two groups of rabbits. Degenerative changes generally were less severe in the hearts of low-dose rabbits, so that continuation of energy metabolism, perhaps in an altered or uncontrolled state, and subsequent compensatory changes such as lactate accumulation and increase in isocitric and lactate dehydrogenases would be more likely to occur than in the more severely affected hearts of rabbits in the high-dose groups.
The basic biochemical 'lesion' of coffee senna poisoning appears to be an uncoupling of oxidative phosphorylation in myocardial mitochondria. The mitochondria, deprived of their ability to regulate selective ionic gradients, swell, become fragmented, and lose respiratory function. Mitochondrial lesions and the accumulation of lipid were the earliest changes seen in morphological studies [27] . Mitochondrial respiratory failure deprives the myocardium of its main source of ATP and induces a state of 'metabolic paralysis', which might be compared with hypoxia or ischemia. The degenerative changes in the contractile elements are probably consequences of lack of ATP, and the super-contracted appearance that is typical of myofibrillar degeneration suggests that the relaxing phase of the contraction process is the phase most sensitive to loss of ATP energy.
